Mock communities have been used in microbiome method development to help estimate biases 16 introduced in PCR amplification, sequencing, and to optimize pipeline outputs. Nevertheless, the 17 necessity of routine mock community analysis beyond initial method development is rarely, if ever, 18 considered. Here we report that our routine use of mock communities as internal standards allowed 19 us to discover highly aberrant and strong biases in the relative proportions of multiple taxa in a single 20 Illumina HiSeqPE250 run. In this run, an important archaeal taxon virtually disappeared from all 21 samples, and other mock community taxa showed >2-fold high or low abundance, whereas a rerun of 22
those identical amplicons (from the same reaction tubes) on a different date yielded "normal" results. 23
Although obvious from the strange mock community results, due to natural variation of microbiomes 24 at our site, we easily could have missed the problem had we not used the mock communities. The 25 "normal" results were validated over 4 MiSeqPE300 runs and 3 HiSeqPE250 runs, and run-to-run 26 variation was usually low (Bray-Curtis distance was 0.12±0.04). While validating these "normal" 27 results, we also discovered some mock microbial taxa had relatively modest, but consistent, 28 differences between sequencing platforms. We suggest that using mock communities in every 29 sequencing run is essential to distinguish potentially serious aberrations from natural variations. Such 30 mock communities should have more than just a few members and ideally at least partly represent 31 the samples being analyzed, to detect problems that show up only in some taxa, as we observed. 32 4 Although mock communities have been used to characterize biases in community analyses (15, 16) 64
and support use of highly-resolving analysis approaches (17), they are still not commonly involved 65 in empirical studies. Why such standards are not routine in microbiome analysis is not fully clear; 66 often it seems to be assumed that careful replication of methods, such as using the same DNA 67 extraction, PCR amplification and sequencing methods throughout a given study would yield 68 sequences merely containing random minor errors that are consistent between samples. Additionally, 69 while experimental procedures and collection are usually performed by the lab doing the study, 70 library preparation and/or sequencing is often performed off-site at an academic or commercial 71 sequencing facility, and to some extent in blind-faith. But today with the low cost of sample 72 preparation and analysis for sequencing, there would seem to be few excuses not to use such 73 standards. Contrary to the expectation that the sequencers work the same every time, in this study we 74 found a remarkably aberrant sequencing result, showing that an important marine taxon almost 75 disappeared in mock communities and field samples from one sequencing run but was recovered in 76 another run using the exact same PCR products. Suitable diverse mock communities offer a good 77 chance to detect such errors and to help validate each batch of results. 78
79

Results and Discussion 80
We have been using mock communities for over 4 years, primarily on the Illumina MiSeq platform, 81 with generally consistent results from run to run (16, 17). However, we were surprised to notice that 82 in one run analyzed on a HiSeqPE250 (summer 2016), the mock communities yielded a completely 83 unexpected result whereby the Marine Group II archaea were virtually absent, and other taxa had 84 quite unexpected relative abundances whether clustered into 99% OTUs (Fig. 1) or amplicon 85 sequence variants (ASVs, Fig. S1 ). We found the same result from samples prepared by three 86 different individuals, each of whom worked independently and from different aliquots of the same 87 5 mock community materials. This led us to reanalyze the samples and to also carefully compare 88 several mock community runs on both the MiSeq and HiSeq platforms. 89
An obvious first question to ask is whether this unusual result was simply due to the use of a HiSeq 90 rather than MiSeq as had been used previously. Comparison of 3 additional HiSeq runs to 4 MiSeq 91 runs (with multiple replicates in each run) showed that there was overall run-to-run consistency 92 (Bray-Curtis distance was 0.11±0.04 in the even mock community and 0.12±0.04 in the staggered 93 mock community), with HiSeq and MiSeq producing statistically indistinguishable whole-94 community outcomes in "staggered" mock communities (27 taxa at different abundances), yet there 95 were relatively modest but statistically significant differences in "even" mock communities (11 taxa 96 at the same abundance; ANOSIM test, p < 0.05). When examined individually, clones in both "even" 97
and "staggered" mock communities representing SAR202, Planctomyces, and Marine Group A, as 98 well as OCS155_b which was included only in the staggered mock communities, were significantly 99 different between the two sequencing platforms, in at least one comparison of OTUs ( should have been ~1.8% and ~0.15% in the even mock community when it should have been ~9%), 106
Thaumarchaea and Prochlorococcus underweighted more than 2-fold, and SAR11 and Flavobacteria 107 were overweighted more than 2-fold (Fig. 1) . 108
To test if this bias was introduced in the sequencing process step itself (rather than in sample 109 preparation up to and including PCR), the same PCR products of the aberrant mock communities 110
(along with PCR products of field samples which were also included in the aberrant run) were re-111 sequenced on MiSeqPE300, and we indeed found sequence abundances returned to "normal," i.e.
6
indistinguishable from the other MiSeq runs, whether clustered by 99% OTUs (Fig. 2) or ASVs 113 (Fig. S2 ). Note that with our protocols, the PCR products themselves were "ready to run" as 114 sequencing libraries (and simply mixed with other samples that had different barcodes), so there 115 were no additional library preparation steps that could have altered the relative compositions. 116
To test if the biases observed with the mock communities were also found in field samples, two 117 field samples were analyzed multiple times and compared (Fig. 3) . When "normal" sequence runs 118
were compared by analyzing a field sample (e.g. a surface seawater sample collected in April 2013 at 119 the San Pedro Ocean Time-series (SPOT) location), the results showed that the rank abundance 120 curves were generally similar between sequencing platforms and even between slightly different 121 primers (Bray-Curtis distance was 0.11±0.04). However, when we compared a field seawater sample 122 collected in June 2015, which is included in the aberrant sequencing run, and re-sequenced the same 123 PCR product (i.e. from the same original tube), the rank abundance curves were substantially 124 different considering they are supposed to be replicates (Bray-Curtis distance was ~0.31). The top 20 125 abundant OTUs showed that in the aberrant run SAR11 OTUs were overweighted, and Euryarchaea 126
Marine Group II was missing -the same pattern we found in the mock communities (Figs 1, 2, 3b) . 127
Interestingly, in the aberrant run, three different SAR11 OTUs were strongly overweighted, two 128 different MGII Archaea were strongly underweighted, as were five different SAR116 taxa, 129 suggesting the biases were group-specific (Fig 3b) . Despite these differences which appeared clear 130 by re-sequencing the identical sample, we note that had we not been alerted by the aberrant mock 131 community results, the field sample results themselves did not appear so unusual overall; aside from 132 the missing MGII archaea (which might not have been noticed, or might have thought to be real), 133 most taxon abundances fell within the natural variation in our study area, where Bray-Curtis 134 distances between near-surface communities typically range ~0.2-0.6 (18). Hence it was the mock 135 community standards that revealed the problem. 136 7
Conclusions 138
Our results suggest that including mock communities as standards in every sequencing run is 139 strongly advised, since it is the only way to verify each sequencing run is "behaving normally," 140 which we showed is not always the case. Ignoring that possibility may lead to serious errors that may 141 obscure real patterns and lead to erroneous conclusions. Even duplicate sequencing in different runs 142
would not help determine which data are "correct" when two runs are significantly different. While 143 the "missing" archaeal taxon in our study might represent a "smoking gun" of the sort that could 144 raise concern by researchers paying close attention to each result, there could easily be less obvious 145 changes in a given sequencing run that could strongly bias results without being noticed. In our case, 146 because of the aberrant mock community outcomes, we were able to objectively discard the results 147 of a run. Mock communities can also show real, even subtle, differences between analytical 148 protocols, as we found when comparing the MiSeq and HiSeq sequencing platforms. Because we 149 found that only a few taxa (though common in seawater) showed the strongest biases, we suggest 150 that mock communities should include several representative taxa to better increase the chance of 151 detecting potential problems. To generate even and staggered mock communities, 11 or 27 clones of marine 16S rDNA were 163 prepared respectively (16), briefly as follows: Clones were originally generated from 16S-ITS-23S 164 amplified products from marine DNA. The plasmids were purified from clones and amplified with 165 M13F and M13R primers. Then, bacterial 16S PCR products were generally amplified with 27F and 166 1492R primers, and archaeal with 20F and 1392R, in order to get nearly full-length products. In the 167 even mock community, the DNA mixture had an equal amount of each PCR product (11 in total). In 168 the staggered mock community, the DNA mixture had different proportions of each PCR product (27 169 in total), roughly mimicking the marine bacterioplankton distribution from our sample site. 
Sequencing output processing 188
Sequences were demultiplexed by reverse index allowing for one mismatch, at the sequencing 189 facility. Then, the forward barcodes were extracted using QIIME 1.9.1 extract_barcode.py (19). The 190 forward and reverse reads were de-multiplexed with forward barcodes independently allowing no 191 mismatch using QIIME 1.9.1 split_libraires_fastq.py. The fully demultiplexed forward and reverse 192 reads were then split into per-sample files using QIIME split_sequence_file_on_sample_ids.py. The UCLUST within QIIME 1.9.1. The most abundant sequence of each OTU was chosen as the 205 representative sequence. The taxonomy of each OTU was assigned with reference-based UCLUST 206 against SILVA v119 database (23) using QIIME assign_taxonomy.py. As an alternative to OTU 207 clustering, we also implement minimum entropy decomposition (MED) (14) on our sequence set to 208 generate Amplicon Sequence Variants (ASVs) that differ from each other at specific bases (as 209 distinct from OTUs that can differ at any base). In brief, MED aims to recognize real genetic variants 210 from sequencing error, to partition the community at fine phylogenetic resolution. In our analysis, we 211 used 0.25 as the entropy threshold to distinguish real variances from sequences error based on our 212 
